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Abstract 


The  Green's  function  is  determined  for  a  right  angled  wedge,  when 
a  constant  impedance  boundary  condition  is  imposed  on  one  face,  while,  on 
the  other  face,  either  the  function  or  its  normal  derivative  is  required 
to  vanish.  The  solution  is  shown  to  be  expressible  by  quadratures  in  terms 
of  Green's  functions  for  simpler  problems.  The  latter  are  obtainable  by 
separation  of  variables.  The  far  field  amplitude  is  shown  a  priori  to  be 
a  simple  algebraic  combination  of  the  known  far  field  amplitudes  of  the 
simpler  Green's  fimctions.  This  algebraic  combination  contains  a  parameter 
which  is  fixed  by  the  requirement  that  the  far  field  amplitude  be  a  regular 
function. 
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I.  Introduction 

The  purpose  of  this  paper  is  to  present  an  elementary  explicit  solution  of 
a  problem  of  diffraction  theory  which  hitherto  has  been  unsolved.  Mathematically 
stated,  the  problem  is  to  determine  the  two  dimensional  Green's  function 
U(r,  9:  r  ,  6  )  of  the  reduced  wave  equation AU  +  k  U  =  0,  for  the  angular 
dcmain  0  <  0  <  3'x/2,  0  <  9  <  3n/2,  when  the  so-called  impedance  (or  mixed) 
boundary  condition  X-3U/36  =  X  rU  is  imposed  at  the  boundary  6  "  3^/2 .  Here 
\_  and  X„  are  certain  complex  constants  and  r  and  9  are  polar  coordinates. 
The  time  dependence  e"  '^    is  assumed.  On  the  boundary  9  =  0  we  require  that 
either  U  or  dU/d9  vanishes.  SpeaJcing  in  terms  of  physics,  we  are  considering 
the  field  of  a  line  source  of  electromagnetic  or  acoustic  waves  in  the  presence 
of  a  wedge,  one  of  whose  faces  (9  =  O)  is  perfectly  reflecting,  while  the 
other  face  has  a  special  coating  which  possesses  a  prescribed  impedance.  It 
will  be  noticed  that  if  either  X.  or  X.  vanishes,  the  boundary  conditions 
simplify  to  those  encountered  at  a  conducting  surface.  Such  problems,  i.e., 
those  of  diffraction  by  perfectly  conducting  wedges,  were  the  subject  of  some 
well-known  investigations  made  by  Sommerfeld'-  ■'  MacDonald'-  -'  and  ReicheL  -I, 
A  recent  thoroughgoing  discussion  is  due  to  Oberhettinger'-  ■' .  Nowadays  the 
formal  solution  of  the  wave  equation  under  these  unmixed  boundary  conditions 
is  a  matter  of  the  routine  application  of  the  method  of  separation  of  variables 
in  polar  coordinates.  The  peculiarity  of  the  present  problem  is  that  the 

impedance  boundary  condition  we  have  described  makes  it  impossible  to  apply 

\ 
this  method  directly.  The  problem  would  be  separable  if  y-  were  proportional 

to  the  radial  variable  r*-  -". 

The  principal  result  of  the  present  paper  is  that  for  a  rectangular  wedge, 

the  Green's  function  for  X_  f  0,  X^  4  0  can  be  expressed  in  elementary  fashion, 

by  quadratures  and  differentiations,  in  terms  of  the  Green's  function  of  the 
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problem  with  X.  -  0  or  X-  ■  0.  But  in  the  present  analysis  we  restrict  ourselves 
to  the  case  in  which  Vj/X_  -  X  is  a  complex  number  lying  in  the  second  quadrant 
or  on  the  imaginary  axis  (see  Section  2).  The  meaning  of  this  restriction  is 
given  in  Section  2,  while  the  extension  to  wedges  of  other  angles  is  discussed 
in  the  concluding  section. 

The  solution  of  the  three-dimensional  vector  problem  of  the  diffraction 
of  a  skew  incident  plane  wave  by  the  wedge  described  here  has  been  given  by 

ri2i 

Karal  and  Karp*-  ■' ,     This  impedance  boundary  condition  makes  it  impossible 

to  reduce  the  vector  problem  to  two  scalar  problems  in  the  case  of  skew  incidence^ 

hence  the  present  solution  cannot  be  employed  in  [l2] . 

Recently  a  two-dimensional  scalar  plane  wave  solution  was  given  by  Senior'-  ■' 
using  the  method  of  Peters '-'  J  (See  footnote "  on  page  3  )  for  wedges  of  any  angle 
whatever.  That  solution  can  be  employed  to  solve  the  scalar  (but  not  the 
vector)  three-dimensional  plane  wave  problem.  Also,  it  is  to  be  expected 
that  Senior's  plane  wave  solution  can  be  extended  to  complex  angles  of 
incidence,  and  that  then,  by  contour  integration  over  such  angles  of  incidence 
one  could  obtain  an  expression  for  the  Green's  functions  for  any  wedge  angle. 
But  the  present  procedure,  and  the  present  form  of  the  result,  which  were 
worked  out  before  Senior's  paper  became  available,  continue  to  seem  most 
simple  and  useful  for  the  special  geometries  discussed  here  and  in  the  concluding 
section  of  our  paper. 

The  method  employed  in  our  analysis  is  based  on  the  introduction  of  an 
auxiliary  wave  function  V  ■  (d/dx  -  X)U.  The  operator  {d/dx   -  X)  commutes 
with  both  the  wave  equation  and  the  boundary  conditions.  (In  the  discussion 
in  this  paragraph  we  are  regarding  U  as  a  function  of  the  cartesian  coordinates 
X  -  r  cos  9,  y  -  r  sin  9.)  In  terms  of  these  coordinates,  the  impedance 
boundary  condition  for  U  becomes  [(8/3x)-X]u(0-  ,y)  ■  0  for  y  <  0.  It  therefore 


-  3  - 


follows  from  the  definition  of  V  that  this  new  function  obeys  simple  boundary 
conditions  V(x,0+)  =  0  or  dV(x,0+)/ay  =  0,  for  X  >  0>  ^"^  V(0-,y)  «  0  for  y  <  0. 

The  idea  is  to  exploit  the  simplicity  of  the  boundary  conditions  in  order 
to  determine  V,  Once  V  is  obtained,  the  determination  of  U  is  reduced  to 
the  integration  of  the  ordinary  differential  equation  3U/3x  -  XU  =  V(x,y)» 

This  idea  is  taken  from  a  paper  on  water  waves  on  sloping  beaches'-  ■' 

2 
wherein  Stoker  obtains  a  progressive  wave  solution  of  the  equation AU-k  U  «  0 

in  the  angular  region  -n/2  <  ®  <  0>  i**?**  (x  >  0,  y  <  0).  The  boundary 

conditions  are  that  U  -  U  ■  0  for  y  ■  0,  x  >  0,  and  U  -  0  for  x  ■  0,  y  <  0, 

The  operator,  [■  3/8x  [(d/by)  -  l]  is  used,  leading  to  a  function 

V  ■  3/^x[(d/3y)-  l]U  which  obeys  simple  boundary  conditions.    Although  our 

problem  refers  to  the  angular  region  0  <  9  <  3n/2,  rather  than  to  Stoker's 

region,  -n/2  <  6  <  0,  the  same  method  can  be  used  to  simplify  the  boundary 

conditions,  since  the  boundaries  of  both  domains  have  the  same  description 

In  cartesian  coordinates. 

While  the  similarity  of  boundary  conditions  allows  us  to  adapt  the 

essential  first  step  of  Stoker's  work  to  our  purposes,  we  have  to  proceed  quite 

differently  thereafter.  This  is  partly  a  result  of  the  fact  that  our 

excitation  is  more  complicated,  but  is  more  especially  due  to  the  essential 

differences  between  the  problems  of  diffraction  and  water  wave  theory.  Ona 

difference,  for  example,  is  that  we  require  (See  section  2)  a  solution  which 


♦» 


Actually  we  first  determine  V  to  within  an  additive  multiple  of  a  certain 
known  function,  and  find  a  corresponding  expression  for  U  by  integration. 
The  unknown  coefficient  is  then  determined  by  reapplying  the  boundary 
condition  for  D« 

Stoker  also  indicates  how  one  may  treat  angular  spaces  of  extent  n/2n,  when 
n"l,2...  More  general  angular  spaces  p  n/2n  (p  being  odd  and  less  than  2n) 
are  treated  by  H.  Lewy'-'-'  for  the  case  of  k^.  The  question  of  uniqueness  has 
been  discussed  by  A.  Weinsteinl- J ,  A  complete  treatment  of  this  problem  for  all 
domains  of  extent  <  n  has  been  given  by  A,  Peters'-  -J  and  M.  Roseau L  -■• 
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is  finite  at  the  edge.  Such  a  solution,  even  for  plane  wave  excitation,  is 
not  trivial  in  the  diffraction  problem.  On  the  other  hand,  in  the  corresponding 
water  wave  problem,  where  the  angular  domain  is  -  n/2  <  S  <  0,  it  is  easy  to 
obtain  a  solution  finite  at  the  edge.  The  problem  treated  by  Stoker  involved 
the  determination  of  a  solution  which  becomes  infinite  at  the  edge  in  a 
manner  which  allows  a  special  behavior  at  infinity. 

We  close  the  introductory  section  by  outlining  the  subsequent  developments. 
In  Section  2  we  give  the  detailed  mathematical  formulation  of  our  problem, 
and  also  comment  on  the  significance  of  the  conditions  we  impose.  The  solution 
is  determined  in  Section  3,  in  terras  of  elementary  operations  upon  the 
solutions  of  simpler  problems  for  ^ich  either  X_  or  V  is  zero.  The  latter 
solutions  are  of  the  type  which  are  easily  obtainable  by  separation  of 
variables.  Simple  expressions  are  obtained  for  the  far  field  in  Section  U.  In 
addition,  we  show  that  consideration  of  certain  a  priori  properties  of  the  far 
field  leads  to  a  simpler  representation  of  a  certain  constant  occur ing  in  th« 
solution.  Section  S   is  devoted  to  a  brief  discussion  of  the  scope  of  the 
method,  and  to  concluding  remarks. 

II.  Formulation  of  the  problem 

We  shall  proceed  to  formulate  the  boundary  value  problem  mathematically  and 
then  we  shall  discuss  the  significance  of  the  formulation. 

The  problem  we  solve  is  defined  by  conditions  (l)  and  (5)  below.  The 
notation  is  explained  in  Figure  1. 
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Source 


Reductive  surface 


Absorbing 
surface 


Figure  1 
(1)         U       ♦  U       +  k^U  -  5(x-x^)  5(y-y^)|     0^r<oo|     0<e<  3n/2 
(2a)       U(x,0+)  -  0,     X  >  0 


or 
(2b) 

(3) 

(U) 

(5) 


Uy(x,0+)  -  0|  X  >  0, 

U^(0-,y)  -  XU(0-,y)  -  0|  y  <  0,  Re  X  <  0,  Im  X  >  0, 

lim  y?  (D  -ikU)  ->  0,  0  <  0  <  3n/2 
r->oo    ^ 

U  is  finite  except  at  the  point  (x  ,y  )  , 


It  is  appropriate  to  comment  on  the  meaning  of  the  conditions  we  have 
enumerated.  Equation  (l)  arises  in  a  standard  way  in  ElectrOTiagnetics  or 
Acoustics.  In  Acoustics,  condition  (2a)  represents  a  soft  obstacle,  while 
condition  (2b)  represents  a  rigid  obstacle.  In  Electromagnetics,  conditions 
(2a)  and  (2b)  refer  to  a  conducting  wall,  when  (a)  the  electric  field  or  (b), 
the  magnetic  field,  is  perpendicular  to  the  xy  plane,  respectively.  The  first 
part  of  condition  (3)  is  the  impedance  boundary  condition  which  expresses, 
electromagnetically  speaking,  the  existence  of  an  enforced  proportionality 
between  the  tangential  components  of  the  electric  and  magnetic  fields  at  a 
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specially  coated  wall.  In  an  acoustic  context  this  condition  expresses  a 
proportionality  of  pressure  and  velocity,  the  effect  being  likewise  caused 
by  a  special  coating.  The  second  part  of  condition  (3)  deals  with  the 
special  character  of  the  complex  number  X,  As  will  be  illustrated  shortly, 
the  requirement  Im  X  >  0  implies  absorption  of  energy  at  the  vertical  part 
of  the  wedge  surface.  The  condition  that  Re  X  <  0  is  necessary  for  the 
validity  of  the  procedure  employed  in  the  present  paper,  since  ceirtain  integrals 
(see  equation  11)  would  otherwise  diverge.  Physically  speaking,  this 
condition  excludes  the  existence  of  surface  waves  on  the  vertical  face  of 
the  wedge.  By  a  modification  of  the  present  method  one  can  obtain  a  solution 
valid  for  Re  X  >  0,  and  we  plan  to  discuss  this  subject  in  a  separate  work 
dealing  with  the  excitation  of  surface  waves  on  wedges. 

Condition  (3)  imolies  that  one  face  of  the  wedge  absorbs  energy.  There  is 
a  special  case  of  condition  (3),  namely,  wh«n  X/i  k  is  real  and  0  <  X/i  k  <  1, 
when  the  absorption  is  especially  significant.  We  shall  now  explain  this  point. 
The  value  of  the  parameter  X/ik  is  an  intrinsic  property  of  a  surface. 
Consider  the  effect  of  an  infinite  wall  made  of  a  material  possessing  the 
property  under  discussion,  and  placed  along  the  y  axis,  on  a  plane  wave 
incident  from  the  left  and  traveling  in  direction  p,  where  cos  p  >  0.  The 
incident  wave  is  given  by  the  expression  exp[ik(x  cos  p  ♦  y  sin  p)],  and  the 
reflected  wave  is  [(ik  cos  p  -  X)/(ik  cos  p  ♦  X)]  expf-ikx(cos  p  +  iky  sin  p)J. 
It  is  easily  seen  that  the  reflection  coefficient  vanishes  for  the  particular 
value  of  cos  p  given  by  the  formula  cos  p  ■  X/ik.  Thus  the  wall  absorbs  the 
excitation  perfectly  in  this  case.  Now  consider  a  more  complicated  problem. 
Let  a  plane  wave  be  incident  on  the  right  angled  wedge  we  have  described 
earlier.  This  problem,  which  we  denote  by  P,  is  a  limiting  case  of  the  line 
soiirce  problem  we  actually  treat  in  the  present  paper  (since  we  have  the  same 
boundary  conditions)  because  a  plane  wave  is  an  idealization  of  a  distant  line 
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source.  In  view  of  our  previous  thought  experiment  with  the  reflection  at  an 
infinite  wall,  we  can  s?y  that  the  solution  of  problem  P  represents  the 
diffraction  of  a  plane  wave  by  a  wedge,  one  of  whose  surfaces  absorbs  plane 
waves  which  are  incident  at  the  angle  arc  cos  (X/ik),   Finally,  therefore 
provided  that  0  <  X/ik  <  1,  the  solution  of  the  problem  actually  treated  in 
the  present  paper  represents  the  diffraction  of  the  field  of  a  line  source, 
by  a  wedge  which  has  one  surface  which  perfectly  absorbs  a  certain  plane  wave. 

W©  now  turn  to  an  examination  of  the  remaining  conditions  of  our  problem. 
These  conditions  frequently  occur  in  diffraction  theory.  Condition  (U)  expresses 
Sommerfeld's  radiation  condition.  In  (5)  we  have  a  convenient  form  of  edge 
condition  which,  combined  with  (h)  will  be  seen  to  be  sufficient  to  secure 
uniqueness  of  our  solution.  It  is,  incidentally,  also  siifficient  for 
uniqueness  in  connection  with  the  classical  problem  of  a  perfectly  conducting 
wedge,  as  is  readily  apparent  from  the  considerations  which  lead  to  a  solution 
of  that  problem  by  separation  of  variables,  using  angular  eigenf unctions. 

IIIoDeduction  of  the  solution 

Having  discussed  the  formulation  of  the  boundary  value  problem,  we  txtrn   to 
its  solution.  Our  method  of  analysis  begins  with  the  introduction  of  a  function 

(6)  V(x,y)  -  0/dx  -  X)  U(x,y). 

If  there  exists  a  function  U  fulfilling  the  requirements   (1)  to   (^),   it  follows 
that  V  must  obey  the  conditions 

(7)  AV  +  k^V  -    (|.  -  X)  6(x-x^)  5(y-y^)  -  -(|j-  ♦  X)  6(x-x^)  6(y-y^) 

o 

(8)  V(0  -,y)  -  0  :     y  <  0, 

and  also  conditions   (2)  and   (U).     The  function  V  need  not  be  finite  at  the 

origin,   since  it  involves  a  differentiation  of  U,     By  applying  the  operator 

-(^--  ♦  X)  to  the  unique  Green's  function  fulfilling  conditions   (2),    (U),    (5)  and 
o 
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(8)  we  obtain  a  unique  function  T,  which  satisfies  not  only  the  conditions 
imposed  on  V  (namely  (2),  (U),  (7)  and  (8))  but  also  condition  (5).  Then 
using  separation  of  variables,  and  applying  the  radiation  condition,  it 
can  be  seen  that  the  most  general  function  obeying  conditions  (2),  (U), 
(?)  and  (8)  is  obtained  by  adding  to  T  a  singular  solution  of  the  form 

(8a)   S~H^.^\kr)ra  cos  v  0  ♦  p  sin  v  el 

^^—  v^ln     n    ^n     nj 

n"0  n     ^  -^ 

where,  if  (2a)  holds,  then  a  «  0,  and  v  ■  2n/3,  while  if  (2b)  holds,  then 
P  "0,  and  V  ■  2n+l/3.  However,  since  U  must  be  finite,  V  can  not  be  too 
singular.  Hence,  of  all  the  terms  in  (8a),  only  the  non- vanishing  term  of 
lowest  index  can  be  employed  in  the  constmction  of  V.  Thus  V  contains  just 
one  parameter,  which  is  as  yet  free. 

We  shall  now  show  that  the  boundary  value  of  U,  or  its  normal  derivative 
on  the  positive  x  axis  determines  the  value  of  this  parameter.  In  what  follows 
we  shall  designate  by  a  tilda  the  class  of  solutions  in  which  the  free 
parameter  has  not  yet  been  fixed.  The  solution  of  the  problem  after  we  fix 
the  parameter  so  that  the  boundary  conditions  are  satisfied  will  be  written 
without  the  tilda.  Thus  we  designate  by  U  a  wave  function  obeying  the 
radiation  condition  and  determined  by  ^  U  -  XU  ■  V,  where  V  is  any  member 
of  the  one  parameter  class  of  functions  satisfying  conditions  (2),  (h),  (?)  and 
(8).  If  condition  (2a)  is  imposed  then  V(x,0)  «  0  on  the  positive  x  axis. 
Thus  we  have 

(|j  -  X)"  -  0  , 
and  consequently  D(x,0+)  has  the  form  c  exp  Xx  for  x  >  0.  c  is  a  constant  which 
depends  in  a  complicated  way  on  the  value  of  the  free  parameter  used  in 
defining  V.  The  vanishing  of  V(x,0+)  does  not  imply  the  vanishing  of  n(x,0+); 
only  if  the  free  parameter  is  properly  chosen  will  c  be  equal  to  zero.  A 
similar  argument  can  be  made  when  condition  (2b)  is  imposed. 
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We  shall  now  represent  V  in  a  new  form  in  order  to  determine  the  function 
conveniently.  Consider,  to  this  end,  the  Green's  functions  G  and  N,  defined 
by  equation  (1),  (2),  (U),  and  (5)  and  the  respective  boundary  conditions. 

(9)     G(0-,  yi  x^,  7^)  -  0 

N^CO-,  71  x^,  7o)  -  0  for  y  <  0. 

These  functions  G  and  N  are  obtainable  by  standard  separation  of  variables 
techniques.  In  case  (a),  where  equation  (2a)  is  assumed,  we  have; 

2iv2  T   ^--  ^  -(1)^--,)  sin^esin^e^ 


tT  J2n(V«2n('^2: 
n-1  y  -y 


(9a)  ^ 

N  -  -3  E  J2n.l  (»^1>  «2ill  ^^2>  «i"  ^  e  sin  2^  6^, 

while  in  case  (b)  we  have: 

G  •  -  T  E  J2nn  ('^l^  «2n.l  ^'^2^  ^°^  ^n*!  ^  ^^^  gn*!  ^^ 


n«o 
(9b)         ^ 

N  •  -  ^  E  ^n  '^2n.l  ^^1^  «2n.l  ^^2^  °°«  ^  e  cos  f  6^ 


Here  p.  ■  min(r,r^)  ,  pg  -  max(r,r^),  c^  -  1,  ^i  "  ^2  "  •**  "  ^' 
Fran  equation  (l)  we  infer  that 

(9c)    (A*k2)[|-  .  gj  .  (g|.  .  I-)  6(x-x^)  6(y-y^)  .  0. 

Hence  the  function  H  «  ■g-  +  y-  is  a  solution  of  the  homogeneous  wave  equation, 

o 
The  definition  of  H,  taken  together  with  equations  (9)  and  (9a)  (or  (9b)), 

Implies  that  this  function  obeys  conditions  (2a)  (or  (2b))  and  (U),  vanishes 

at  X  ■  0,  y  <  0,  is  radiating  at  infinity  and  behaves  at  the  origin  like  the 

non- vanishing  tern  of  lowest  index  in  the  series  we  have  used  to  represent 

the  singular  solution  to  be  added  to  I  (see  equation  8a),  fThe  proof  of  this 
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statement  is  straightfoward.  First  of  all  dG/dx     vanishes  at  x  ■  0,  y  <  0, 
as  can  be  seen  from  (9),  and  this  implies  that  H  also  vanishes  there. 
Conditions  (2)  and  (U)  are  fulfilled  by  G  and  N,  hence  by  BG/dx^   and  dN/9x, 
and  therefore  also  by  H.  At  the  origin  the  leading  term  of  G,  and  of  dO/dx 
as  well,  is  finite.  The  leading  term  of  3N/3x  can  be  verified  to  have  the 
behavior  specified^  It  follows  that  the  singular  solution,  which  must  be 
added  to  Y  in  order  to  obtain  the  most  general  V,  is  a  multiple  of  H.  On  the 
other  hand,  the  function  T.  since  it  is  a  solution  of  (7),  satisfying  (8), 
(2),  (U),  and  (5),  can  be  written  in  the  form  T  ■  -  (8/dx  ♦  X)G.  Consequently, 
we  obtain  a  sufficiently  general  representation  of  V  by  writing: 
(10)    V  :  (U  -  XU)  9  -  (3/9x^  +  X)G  +  k{dG/dx^  *   8N/8x). 
The  determination  of  the  particular  function  V  which  leads,  through  solution 
of  equation  (6),  to  the  function  U  characterized  by  (l)  through  (5),  thus  reduces 
to  the  proper  selection  of  the  constant  A.  Noticed  when  X  ->  0,  the  boundary 
conditions  for  U  become  those  for  N,  so  that  we  must  expect  that  the  correct 
value  for  A  ■  A(X)  then  tends  to  \inity,  and  then  (10)  will  read  V  »  U  a  N  . 
By  means  of  equation  (10 )  we  have  now  represented  the  class  of  functions 
V,  of  which  the  desired  function  V  is  a  member.  But  we  have  yet  to  determine 
the  constant  A,  which  distinguishes  7  from  the  other  V,  In  order  to  determine 
A  we  first  determine,  for  each  V,  the  function  U  described  in  the  text  following 
(8a).  The  function  U  is  a  solution  of  the  ordinary  differential  equation 
(10a)   |I1  -  \U  -  V  , 

and,  in  addition,  it  is  a  wave  function  which  is  outgoing  at  Infinity  and  which 
has  the  desired  singularity  at  x"x  ,  y-y  ,  while  remaining  finite  at  the  origin. 
We  can  then  impose  conditions  (2)  on  U.  If  we  specialize  A  so  that  it  validates 
condition  (2)  then  0  will  have  been  specialized  to  the  function  U  required  by  (l) 
through  (?). 
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Consider  the  function  defined  by 

X 

(11)   U  -  •'^  j  e"^  V(5,y)d4  . 


-00 

This  is  an  appropriate  function  U  if  the  integral  exists,  if  it  satisfies  the 

wave  equation  and  if  it  obeys  the  outgoing  wave  condition. 

The  existence  of  the  integral  is  guaranteed  if  we  choose  Re  X  <  0,  For 

Re  X  ■  0,  the  fact  that  V  satisfies  the  radiation  condition  assures  convergence. 

Thus  U  exists  when  Re  X  <  0, 

That  the  wave  equation  is  satisfied  can  be  shown  from  the  fact  that 

U  ■  V  ■♦■  XU  ,    and  therefore 
X         ' 

U   -  ?  ♦  XU  -  V  ♦  XV  ♦  X^U  . 

XX     X      XX 


Also 

^o 

By  inserting  (11)  into  the  wave  equation  (1),  using  the  above  expressions  for 


^yy  ■  -  ^«  -  "^^  -  ^^  *  '^  ^  ^^«-^o^  ^(y-yo^  • 


U      and  V    ,  then  integrating  twice  by  parts,  we  obtain 


x 


d        .  W      ^^^^o^ 


-00 

.  ,      X(x-x^) 

■  -  far  *  ^)  •         ^(^o^  ^(y^^o^ 

o 
X(x-x^)     ^ 

X(x-x^) 

-  e  **     6(x-x^)  6(y-y^) 

-  6(x-x^)  6(y-y^)  , 

where  h(x-x  )  is  the  unit  step  function.  Thus  U  defined  by  (11)  satisfies  the 
o 
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wave  equation* 

To  see  that  U  is  outgoing  at  Infinity,  we  rewrite  equation  (11)  by 

introducing  the  new  variable  of  integration  t  ■  x  -  4.  We  find; 

00  M  00 

(11a)  D(x,y)  -  I  e^*V(x-t,y)dt  -  I   e^*7(x-t,y)dt  +  j  e^^V(x-t,y)dt 
o  o  M 

where  M  is  an  arbitrarily  large  positive  rmmber.  The  function  V(x-t,y) 

represents  the  appropriate  function  V  for  a  wedge  whose  vertex  is  at  the  point 

(t,o)  rather  than  at  the  origin. 

In  preparation  for  what  follows  we  now  think  of  V  as  being  decomposed  into 

the  effect  of  the  source,  and  the  effect  of  the  wedge.  If  we  lot  V.   denote 

the  former,  then  we  have 


^lnc--(^*M  H^(lc/(x-x/»/  ). 


o 

Sine*  this  function  has  an  appropriate  singularity  at  (^c^^y  )»  and  is  regular 

everywhere  else,  it  represents  the  effect  of  the  source.  The  function  V. 

is  an  outgoing  function. 

We  now  return  to  a  consideration  of  equation  (11a),  If  wo  choose  M  large 

enough,  then  we  can  ignore  the  diffraction  effect  in  the  second  integral,  so 

00  Y 

that  V(x-t,y)  ->  V.   (x,y)  for  t  >  M.  Then  J  e^*V(x-t,y)dt  ->  -  J^(x,y)o^» 

^  Xt  ~  " 
Hence,  this  term  is  outgoing.  Since  I  e   V(x-t,y)dt  is  a  finite  superposition 

o 

of  ovrtgoing  waves  this  integral,too,  can  easily  be  shown  to  be  outgoing. 

Thus  V  as  defined  by  (11)  is  outgoing,  as  was  to  be  shown.  Wo  shall  now  determine 
the  arbitary  constant  in  order  to  have  a  soliition  of  our  particular  problan. 
To  do  this  we  apply  conditions  (2a)  and  (2b).  Condition  (2a)  requires  that 


(12*)   U(x,0*)  -  lim  0^  (  e'^  V(4,y,A)d4  -  0  ,  x  >  0 
while  condition  (2b)  requires  that 
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(12b) 


5  (x,0*)  -  11«  |§    (  e'^V(c,y,A)d4  -  0,  X  >  0. 


y->0 


-00 


In  (12b)  we  cannot  differentiate  under  the  integral  sign  and  then  let  7  ■  0, 
since  V  (x,0)  is  too  singular  to  be  integrable.  However  if  we  insert  the 
second  equality  of  (10)  into  (ll)  and  integrate  by  parts  we  obtain 


(13)   D-e^J  ,-^  I [(A-l)  g|- -  xIg* 
-00     (^ 


XAN 


.  d4  +  AM(x,y). 


In  this  f omiul*  we  can  differentiate  under  the  integral  sign  and  let  y  ■  0. 

For  uniformity  we  shall  use  (13)  in  treating  case  (a)  as  well  as  case  (b). 

Now  using  condition  (2a),  (2b),  respectively,  our  requirement  becomesi 

o      / 
(lUa)  U(x,0*)  -  e^  j  e-^  [(A-l)  ^  -  ^j^^^^^)  .  XAn]  •  d«  -  0 


-00 
o 


(lAb)  Uy(x,0*)  -  e^  j  e-^  Jr(A-l)  ^  -  x]Gy(«,0)  *   XANy(«,0) 

»oo 


d4  -  0  . 


The  integrals  are  from  -  00  to  zero  since  positive  values  of  ?  do  not 

contribute  to  the  value  of  the  integral  at  y  -  0  because  of  the  boundary  conditions 

obeyed  by  G(4,y)  and  N(4,y). 

In  case  (a)  we  find 
o 


(D^c)   A 


J.-^  [§|^(«,0:x^,y^)  +  XG(5,0«  ,y^)]d4 

-00 

o 
1  •"'^Po^^'^^V^o^  *  ^(^.O^V^o^]^ 

—  00 


while  In  case  (b)  we  find 


(lUd)   A  - 


/"   ^.>4pV«.<>«Vy^  +  XGy(c,(H,x^,y^)ld4 

-00 

/  ^"^  [^  (^'^^V^o^  *  XNy(«,0,x^,y^)Jd« 
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The  functions  G  and  N  are  known  (see  equations  (9a)  and  (9b) )•  Hence  A 
is  determined.  If  we  insert  A  into  (10)  and  then  (10)  into  (11),  and  remove 
the  now  supeirfluous  tilde,  we  have  an  explicit  but  complicated  expression  for 
U  in  terms  of  the  simpler  functions  G  and  N.  A  simpler  formula  will  be  given  in 
the  next  section.  It  will  be  derived  for  the  case  0  <  \/ik  <  1,  and  its 
Justification  for  the  general  case  will  be  briefly  indicated. 

I^»  The  far  field 

In  the  present  section  we  determine  the  fonn  of  U  at  infinity,  and  also 
indicate  another  and  simpler  method  for  determining  the  constant  A  in  the  solution 
U,  in  certain  cases,  from  far  field  considerations  alone. 

We  begin  by  observing  that  U,  G,  and  N  all  obey  the  radiation  condition, 

whence  we  have  the  asymptotic  formulas. 

,.  ikr 

(15)  G  ->  ^  g(ei  x^,y^)   N  ->  ^  n(e;x^,y^) 

Ikr  ikr 

as  r  ->  00  with  a  fixed  value  of  6  in  the  interval  0  <  6  <  3«/2.  Here  the 
functions  g  and  n  are  regarded  as  known,  but  the  function  u(9;x  ,y  )  is  yet  to 
be  found.  The  function  V  «  U  -  XD  is  given  in  terms  of  G  and  N  by  (10). 
The  coefficient  A  in  (lO)  is  given  by  equations  (lUc)  or  (lUd).  The  function 
v(9;x  ,y  )  is  the  far  field  amplitude  corresponding  to  V.  We  apply  equation 

(6),  carry  out  the  differentiations  in  polar  coordinates,  and  collect  terms  of 

-1/2 
order  r  '  .  We  thus  obtain 

(16)  (ik  cos  9  -  \)  u(9)  -  v(e)  -  0. 

Hence  we  find 

[(A-1)  d/Sx  -\]  g(e;x  ,y  )  ♦  ik  cos  9  An(9,x  ,y  ) 

(17)  Ti(»;x^,y^)- Ik  cos  e  -  ;. • 
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Thus  the  pattern  function  u(6)  ■  u(9;x  ,y  )  is  simply  expressed  in  terras  of 
the  pattern  functions  g  and  n.     Using   (9a),    (9b)  and   (l5),  and  using 
subscripts  a,  b,  to  indicate  the  fulfillment  of  conditions   (2a)  or  (2b), 
we  findt 

2i     n"      -  iiiA  r^     T  rw  ^^-^n+1/6 )  ni^^^  2n+l  ^    ^^,  2n+l  ^ 

n"0       A 

~  -ani/3     .     ^''^o     .„  2n9 

'     sin     ^      sin  -^ 


n"l    -«- 


(18) 


n"0  IT" 


in  A  .  -^n.l/6)ni  ,.  J^^^^o     .„  2n.l  . 

"a      -  T  /  nl?  ^  ^    '^2n+l^^o^®^  '^'^  -y—  ^^"  "T"  ®* 

n"0       Y 


Equation  (1?)  suggests  a  simpler  determination  of  A  if  0  <  X/ik^  !• 
In  this  case  we  can  write  X  ■  ik  cos  5  where  6  is  a  real  angle  and  cos  6  >  0, 
Then,  since  u(9;x  ,y  )  must  be  regular  in  the  region  ^  >  9  >  0»  i*  follows 
fran  (1?)  that 

(19)   I (A-1)  si-  -  xl  g(5|x^,y^)  +  Aik  cos  6  n(6;x^,y^)  -  0  , 

80  that 


^  ^   °  •«•  ik  cos  6  n(6jXQ,y^) 


This  formula  for  A  is  more  convenient  to  use  than  the  value  obtainable  from 
(lU),  since  the  latter  eqiiations  involve  quadratures. 

Actually  this  procedure  may  be  applied  even  irtien  6  is  not  a  real 
angle.  Without  entering  into  details  in  the  present  work,  we  would  like  to 
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remark  that  the  procedure  can  then  be  based  on  the  fact  that  the  far  field 
amplitude  u  has  a  half  plane  of  regularity  as  a  function  of  the  complex 
variable  k  cos  9,  The  latter  pjroperty  of  the  function  u  is  a  consequence  of 
the  fact  that  the  function  u  is  the  Fourier  transform  of  the  function  U,  which 
vanishes  on  the  positive  x  axis  (or  U  does)  in  view  of  the  boundary  condition. 

?,   Conclusion 

It  seems  worthwhile  to  discuss  the  further  applications  of  the  method 

here  adopted,  and  its  relation  to  the  methods  employed  by  Stoker^  -^  in 

water  wave  theory.  We  have  already  explained,  in  the  introduction,  some  of 

the  distinctive  characteristics  of  the  water  wave  problem.  In  that  problem, 

a  wave  impinges  on  a  sloping  beach  or  a  dock.  The  angular  sp)ace  is  consequently 

restricted  to  be  less  than  or  equal  to  ti»  (Stoker's  dock  problem  corresponds 

to  an  angular  space  of  n/2).  Stoker  and  Lewy  have  determined  operators  L„,  and 

p 

special  angles  -  n  <  p  <  0,  such  that  the  functions  LqU  obey  simple  boundary 
conditions  at  9  ■  0,  9  ■  P,  provided  U  is  a  solution  of  the  equation, 

AU-k  U»0,  or  AU"0,  in  the  angular  region  p  <  9  <  0,  and  provided  U  obeys 

It 
mixed  boundary  conditions  at  9  -  0  and  9  ■  p.   In  addition,  explicit 

expressions  for  the  functions  L.U  are  obtainable,  by  reflection  in  the  sides 

of  the  wedge,  for  these  particular  values  of  p.  Now  inspection  shows  that  the 

operator  L-,  which  was  originally  devised  for  the  purposes  of  the  water  wave 

problem,  is  composed  of  derivatives  with  respect  to  x  and  y,  and  consequently 

depends  only  on  the  aiigle  between  those  infinite  lines  of  ^ich  the  serai-infinite 

faces  of  the  wedge  in  the  water  wave  problem  are   parts.  Therefore,  the  same 

operator  will  simplify  the  boundary-value  problem  for  three  other  angular 


The  operator  can  be  applied  without  trouble  also  in  the  case  of  the  equation 
AU  ♦  k^U  -  0, 
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spaces  besides  the  angular  space  envisaged  in  the  water  wave  theory,  so  that 
the  operators  L^  can  be  employed  in  the  problem  of  diffraction  in  angular 
spaces  larger  than  n.  For  example,  the  operator  suitable  for  the  domain 
-  ^  <  9  <  0,  is  also  suitable  for  the  domains  0<©<^,  0<9<4—  , 
and  -  1-  <  e  <  n  •  However,  the  idea  of  ths  completion  of  the  solution  by 
reflection  methods  cannot  be  extended  to  the  new  domains.  The  more  general 
method  of  separation  of  variables  can  be  used  instead.  Let  us  illustrate 
these  remarks.  In  the  case  of  boundaries  formed  by  two  lines  at  right 
angles,  the  above  consideration  shows  that  we  can  simplify  the  boundary- value 
problem  in  the  space  0  <  9  <  3n/2,  as  well  as  in  the  space  0  >  9  >  -  n/2. 
The  latter  space  corresponds  to  the  dock  problem  in  the  water  wave 
investigations  quoted  above.  The  half  line  9  ■  -  n/2  then  represents  the 
water  surface.  For  the  space  0  >  9  >  -  n/2,  the  type  of  problem  occuring 
in  diffraction  theory  (i.e.,  obeying  (5))  is  uninteresting  mathematically. 
The  solution  can,  in  fact, be  continued  across  the  ray  9*0,  so  as  to  reduce 
to  a  problem  of  determining  the  Green's  function  for  the  space  -  h/2  <  6  <  n/2, 
i.e.,  for  X  >  0,  with  the  boundary  condition  U  •  \D  on  x  •  0  for  all  y. 
That  problem  can  be  solved  trivially  by  Foxirier  integral  methods.  The  problem 
of  a  plane  wave  incident  from  the  right  becomes  even  more  trivial,  the 
solution  being 

-ikx  ^  ik+X  ikx 

^'  ^      *-n^^     • 

Of  course,  the  type  of  problem  posed  for  this  space  in  the  water  wave  theory 
is  non-trivial. 

As  another  example  of  a  problem  to  which  the  method  can  be  applied, 
consider  the  problem  of  an  angular  space  exterior  to  a  wedge  of  U5  ,  or  13?  • 
The  operator  to  be  used  is  a  simplified  version  of  the  operator  employed  by 
Isaacson '■■'  for  the  water  wave  problem  for  the  sp)ace  -  13?  <  0  <  0, 
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In  fact,  if  we  let 

end  if  we  require  U  regular  for  n/k  <  9  <  2n,  and  3U/3n  -  XU  on  the  half  line 
©  •  nA>  and  U  -  0  on  the  half -line  ©  -   2n,  we  deduce  that  V  ■  0  on  both 
these  half -lines.  The  determination  of  V  can  then  proceed  along  the  lines 
employed  in  the  present  paper. 

It  is  worth  noting  that  the  method  we  have  used  can  also  be  employed 
when  there  are  mixed  boundary  conditions  on  both  faces  of  the  wedge.  We 
have  considered  the  simpler  problem  in  this  paper  only  to  keep  the  exposition 
as  clear  as  possible. 
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Attn:  Code  2027 

Dr.  J.  I.  Bohnert,  Code  5210 

U.  S.  Naval  Resesrch  L?boratory 

Washington  25,  D.  C.  (Unclassified  only} 

Classified  to  he  sent  to: 

Director 

U,  S.  Naval  Research  Laboratory 

Attn:  Code  5200 

Washington  25,  D.  C. 

Commanding  Officer  and  Director 

U.  S.  Navy  Underwater  Sound  Laboratory 

Fort  Trumbull,  New  London,  Connecticut 

Chief  of  Naval  Research 
Department  of  the  Navy 
Washington  25,  D.  C. 
Attn:  Code  U27 

Commanding  Officer  and  Director 

U.  S.  Navy  Electronics  Laboratory  (Library) 

San  Diego  52,  California 

Chief,  Bureau  of  Ordnance 
Department  of  the  Navy 
Washington  25,  D.  C. 
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Corp. 
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Cornell  Aeronautical  Laboratory,  Inc. 
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A  Division  of  Textron,  Inc. 
1515  Industrial  Way 
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Attn:  Engineering  Library 

Douglas  Aircraft  Company,  Inc. 
3000  Ocean  Park  Boulevard 
Santa  Monica,  California 
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8100  West  Florissant  Avenue 

St,  Louis  21,  Missouri 

Attn:  Mr.  E.R.  Breslin,  Librarian 

Sylvania  Elee.  Prod.  Inc. 
Electronic  Defense  Laboratory 
P.O.  Box  205  -  (Unci) 
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Fairchild  Eng.  and  Airplane  Corp. 
Hagerstown,  Maryland 
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Fort  Wayne  1,  Indiana 
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The  Rallicrafters  Company 

UljOl  West  5th  Avenue 
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Attn:  La Verne  LaGioia,  Librarian 

Hoffman  Laboratories,  Inc. 
3761  South  Hill  Street 
Los  Angeles  7,  California 
Attn:  Engineering  Library 

Hughes  Aircraft  Company 
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Microwave  Laboratory 
Building  12,  Room  2617 
Culver  City,  California 
Attn:  H.  D.  Adcock 

Hughes  Aircraft  Comp^any 
Florence  and  Teale  Streets 
Culver  City,  California 

Attn:  Dr.  L.C.  Van  Atta,  Associate  Director 
Research  Labs. 

Hycon  Eastern,  Inc. 
75  Cambridge  Parkway 
Cambridge,  Mass. 
Attn:  Mrs.  Lois  Seulowitz 
Technical  Librarian 

International  Business  Machines  Corp. 

Military  Products  Division 

590  Madison  Avenue 

New  York  33,  New  York 

Attn:  Mr.  C.F.  HcElwaln,  General  Manager 

International  Business  Machines  Corp. 
Military  Products  Division 
Owego,  New  York 

Attn:  Mr.  D.  I.  Marr,  Librarian 
Department  1j59 

International  Resistance  Company 
LOl  N.  Broad  Street 
Philadelphia  8,  Pa. 
Attn:   Research  Library 

Jansky  and  Bailey,  Inc. 
1339  Wisconsin  Avenue,  N.  W, 
Washington  7,  D.  C. 
Attn:  Mr.  Delmer  C.  Ports 

Dr.  Henry  Jaslk,  Consulting  Engineer 
298  Shames  Drive 
Brush  Hollow  Industrial  Park 
Westbury,  New  York 

Electromagnetic  Research  Corporation 
711  llith  Stfeet,  N.  W. 
Washington  5,  D.  C, 
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Lockheed  Aircraft  Corporation 

2555  N.  Hollywood  Way 

California  Division  Engineering  Library 

Department  72-75,  Plant  A-1,  Bldg.  63-1 

Bnrbaok,  California 

Attni  N.  C.  Harnois 

The  Martin  Compjany 

P.  0.  Box  179 

Denver  1,  Colorado 

Attn!  Mr.  Jack  McCormick 

The  Glenn  L.  Martin  Company 
Baltimore  3,  Maryland 
Attn:  Engineering  Library 
Antenna  Design  Group 

Marvland  Electronic  Manufacturing  Corp. 
5009  Calvert  Road 
College  Park,  Maryland 
Attn;  Mr.  H.  Warren  Cooper 

Mathematical  Reviews 
190  Hope  Street 
Providence  6,  Rhode  Island 


Pickard  and  Bums,  Inc. 

2ljO  Highland  Avenue 

Heedhan  9lj,  Mass. 

Attn:  Dr.  J.  T.  DeBettencourt 

Pol3rtechnlc  Research  and  Development 

Company,  Inc. 

202  Tillary  Street 

Brooklyn  1,  New  York 

Attn:  Technical  Library 

Radiation  Engineering  Laboratory 
Main  Street 
Haynard,  Mass. 
Attn:  Dr.  John  Ruze 

Radiation,  Inc. 

P.  0.  Drawer  37 

Melbourne,  Florida 

Attn:  Technical  Library,  Mr.  M.L.  Cox 

Radio  Corp.  of  America 

RCA  Laboratories 

Rocky  Point,  New  York 

Attn:   P.  S.  Carter,  Lab.  Library 


Ryan  Aeronautical  Company 
Lindbergh  Field 
San  Diego  12,  California 
Attn:  Library  -  unclassified 

Sage  Laboratories 
159  Linden  Street 
Wellesley  81,  Mass. 

Sanders  Associates 
95  Ganal  Street 
Nashua,  New  Hampshire 
Attn:  N.  R.  Wild,  Library 

Sandia  Corporation,  Sandia  Base 

P.O.  Box  5900,  Albuquerque,  New  Mexico 

Attn:  Classified  Document  Division 

Sperry  Gyroscope  Company 

Great  Neck,  Long  Island,  New  York 

Attn:  Florence  W.  Tumbull,  Engr.  Librarian 

Stanford  Research  Institute 

Menlo  Park,  California 

Attn:  Library,  Engineering  Division 


The  W.  L.  Maxson  Corporation 

U60  West  3bth  Street 

New  York,  N.  Y. 

Attn:  Miss  Dorothy  Clark 

McDonnell  Aircraft  Corporation 

Lambert  Saint-Louis  Municipal  Airport 

Box  516,  St.  Louis  3,  Missouri 

Attn:  R.  D.  Detrich,  Engineering  Library 

McMillan  Laboratory,  Inc. 

Brownville  Avenue 

Ipswich,  Massachusetts 

Attn:  Security  Officer,  Document  Room 


Melpar,  Inc. 

3000  Arlington  Boulevard 

Falls  Church,  Virginia 

Attn:  Engineering  Technical  Library 

Microwave  Development  Laboratory 
90  Broad  Street 
Babson  Park  57,  Massachusetts 
Attn:  N.  Tucker,  General  Manager 
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RCA  Laboratories 
David  Sarnoff  Research  Center 
Princeton,  New  Jersey 
Attn:  Miss  Fern  Cloak,  Librarian 
Research  Library 

Radio  Corporation  of  America 
Defense  Electronic  Products 
Building  10,  Floor  7 
Camden  2,  New  Jersey 
Attn:  Mr.  Harold  J.  Schrader 

Staff  Engineer,  Organization 

of  Chief  Technical 

Administrator 

The  Ramo-Wooldrldge  Corporation 
P.O.  Box  (i5!453  Airport  Station 
Los  Angeles  Ii5,  California 
Attn:  Margaret  C.  Whitnah, 
Chief  Librarian 

Hoover  Microwave  Co. 
9592  Baltimore  Avenue 
College  Park,  Marvland 


Sylvania  Electric  Products,  Inc. 
100  first  Avenue 
Waltharn  5U,  Mass. 

Attn:  Charles  A.  Thornhill,  Report  Librarian 
Walthan  Laboratories  Library 

Sjrstems  Laboratories  Corporation 
l[i''52  Ventura  Boulevard 
Sherman  Oaks,  California 
Attn:  Donald  L.  Margemm 

TRG,  Inc. 

17  Union  Square  West 

New  York  3,  N.  Y. 

Attn:  M.  L.  Henderson,  Librarian 

A.  S.  Thomas,  Inc. 

I6l  Devonshire  Street 

Boston  10,  Mass. 

Attn;  A.  S.  Thomas,  President 

Bell  Telephone  Laboratories 
Murray  Hill 
New  Jersey 


Microwave  Radiation  Company  Inc. 

19223  South  Hamilton  Street 

Gardena,  California 

Attn:  Mr.  Morris  J.  Ehrlich,  President 

Chance  Vought  Aircraft,  Inc. 
931b  West  Jefferson  Street 
Dallas,  Texas 
Attn:  Mr.  H.  3.  White,  Librarian 

Korthrop  Aircraft,  Inc. 
Hawthorne,  California 

Attn:  Mr.  E.  A.  Freitas,  Library  DeptJlUS 
1001  E.  Broadway 

Remington  Rand  Univ.  -  Division  of  Sperry 

Rand  Corporation 
1900  West  Allegheny  Avenue 
Philadelphia  29,  Pennsylvania 
Attn:  Mr.  John  F.  McCarthy 

R  and  D  Sales  and  Contracts 

North  American  Aviation,  Inc. 
122lJj  Lakewood  Boulevard 
Downey,  California 
Attn:  Engineering  Library  U95-115 

North  American  Aviation,  Inc. 
Los  Angeles  International  Airport 
Los  Angeles  b5,  California 
Attn:  En^neerlng  Technical  File 

Page  Communications  Engineers,  Inc. 
710  Fourteenth  Street,  Northwest 
Washington  5,  D.  C. 
Attn:  Librarian 

Philco  Corporation  Research  Division 

Branch  Library 

!j700  Wissachickon  Avenue 

Philadelphia  hh,   Pa. 

Attn:  Mrs.  Dorothy  S.  Collins 


Director,  DSAF  Project  RAND 

Via:  Air  Force  Liaison  Office 

The  Rand  Corporation 

1700  Main  Street 

Santa  Monica,  California 

Rantec  Corporation 

Calabasas,  California 

Attn:  Grace  Keener,  Office  Manager 

Raytheon  Manufacturing  Company 
Missile  Sjratems  Division 
Bedford,  Mass. 
Attn:  Mr.  Irving  Goldstein 

Raytheon  Manufacturing  Company 
Wayland  Laboratory,  State  Road 
Way land,  Mass. 
Attn:  Mr.  Robert  Sorts 

Raytheon  Manufactiurlng  Comnany 
Wayland  Laboratory 
Wayland,  Mass. 

Attn:  Miss  Alice  0,  Anderson, 
Librarian 

Republic  Aviation  Corporation 
Farmlngdale,  Long  Island,  N.  Y. 
Attn:  Engineering  Library 

Thru:  Air  Force  Plant  Representative 
Republic  Aviation  Corp. 
Farmlngdale,  Long  Island,  N.Y. 

Rheem  Manufacturing  Corapany 
9236  East  Hall  Road 
Downey,  California 
Attn:  J.  C.  Joerger 

Trans-Tech,  Inc. 
P.  0.  Box  3I46 
Frederick,  Maryland 


Chu  Associates 
P.  0.  Box  387 
Whitcomb  Avenue 
Littleton,  Mass. 

Microwave  Associates,  Inc. 
Burlington,  Mass. 

Raytheon  Manufacturing  Company 
Missile  Division 
Hartwell  Road 
Bedford,  Mass. 

Radio  Corporation  of  America 
Aviation  Systems  I-aboratory 
225  Crescent  Street 
Walthan,  Mass . 

Lockheed  Aircraft  Corporation 
Missile  Systems  Division  Research  Library 
Box  50U,  Sunnyvale,  California 
Attn:  Miss  Eva  Lou  Robertson, 
Chief  Librarian 

The  Rand  Corporation 
1700  Main  Street 
Santa  Monica,  California 
Attn:  Dr.  W.  C.  Hoffman 

Commander 

AF  Office  of  Scientific  Research 

Air  Research  and  Development  Command 

l!ith  Street  anJ  Constitution  Avenue 

Washington,  D.  C. 

Attn:  Mr.  Otting,  SRY 

Westinghouse  Electric  Corp. 
Electronics  Division 
Friendship  Int'l  Airport  Box  7b6 
Baltimore  3,  Maryland 
Attn:  Engineering  Library 
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WheelBF  Laboratories,  Inc. 
122  Cutter  Hill  Road 
Great  Neck,  New  York 
Attn:  Mr.  Harold  A.  Wheeler 

Zenith  Plastics  Co. 
Box  91 

Gardena,  California 
Attn:  Mr.  S.  S.  Oleasky 

Library  Geophysical  Institute 
of  the  nniverslty  of  Alaska 
College 
Alaska 

University  of  California 

Berkeley  U,  California 

Attn;  Dr.  Samuel  Silver, 

Prof.  Engineering  Science 
Division  of  Elec.  Eng.  Electronics 
Research  Lab. 

Mnlversity  of  California 
Electronics  Research  Lab. 
332  Cory  Hall 
Berkeley  U,   California 
Attn:   J.  R.  Whlnnery 

California  Institute  of  Technology 
Jet  Propulsion  Laboratory 
liPOO  Oak  Grove  Drive 
Pasadena,  California 
Attn:  Mr.  I.  E.  Newlan 

California  Institute  of  Technology 
1201  E.  California  Street 
Pasadena,  California 
Attn:  Dr.  C.  Papas 

Carnegie  Institute  of  Technology, 
Schenley  Park 

Pittsburgh  13,  Pennsylvania 
Attn:  Prof.  A.  E.  Heins 

Cornell  University 

School  of  Electrical  Engineering 

Ithaca,  New  York 

Attn:  Prof.  G.  C.  Dalman 

I'niverslty  of  Florida 

Department  of  Electrical  Engineering 

Gainesville,  Florida 

Attn:   Prof.  K.  H.  Latour,  Library 

Lihi-ary 

Georgia  Institute  of  Technology 

Engineering  Experiment  Station 

Atlanta,  Georgia 

Attn:  Mrs.  J.H.  Crosland,  Librarian 

Harvard  University 

Technical  Reports  Collection 

Gordon  McKay  Library,  303A  Pierce  Hall 

Oxford  Street,  Cambridge  3«,  Mass. 

Attn:  Mrs.  E.L.  Hufschraidt,  Librarian 

Harvard  College  Observatory 
60  Garden  Street 
Cambridge  39,  Mass. 
Attn:  Dr.  Fred  L.  Whipple 

University  of  Illinois 
Documents  Division  Library 
Urbana,  Illinois 

University  of  Illinois 
College  of  Engineering 
Urbana,  Illinois 

Attn:  Dr.  P.  E.  Moyes,  Department  of 
Electrical  Engineering 

The  Johns  Hopkins  University 
Horaewood  Campus 
Department  of  Physics 
Baltimore  18,  Maryland 
Attn:  Dr.  Donald  E.  Kerr 

Sandia  Corporation 
Attn:  Organization  l!i23 
Sandia  Base 
Albu-mernue,  New  Mexico 
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The  Johff Hopkins  University 
8621  Georgia  Avenue 
Silver  Spring,  Maryland 
Attn:  Mr.  George  L.  Selelstad 

Massachusetts  Institute  of  Technology 

Research  Laboratory  of  Electronics 

Room  20B-221 

Cantoridge  39,  Massachusetts 

Attn:  John  H.  Hewitt 

Massachusetts  Institute  of  Technology 

Lincoln  Laboratory 

P.  0.  Box  73 

Lexington  73,  Mass. 

Attn:  Document  Room  A-229 

University  of  Michigan 
Electronic  Defense  Group 
Engineering  Research  Institute 
Ann  Arbor,  Michigan 
Attn:   J.  A,  Boyd,  Supervisor 

University  of  Michigan 
Engineering  Research  Institute 
Radiation  Laboratory 
Attn:   Prof.  K.  M.  Siegel 
912  N.  Main  St., 
Ann  Arbor,  Michigan 

University  of  Michigan 
Engineering  Research  Institute 
Willow  Run  Laboratories 
Willow  Run  Airport 
Ypsilanti,  Michigan 
Attn:  Librarian 

University  of  Minnesota 

Minneapolis  lit,  Minnesota 

Attn:  Mr.  Robert  H.  Stumm,  Library 

Northwestern  University 
Mi.crowave  Laboratories 
Evanston,  Illinois 
Attn:  R.  E.  Beam 

Ohio  State  University  Research  Found. 
Ohio  State  University 
Columbus  10,  Ohio 
Attn:  Dr.  T.E.  Tice 

Dept.  of  Elec.  Engineering 

The  UnlTersity  of  Oklahoma 
Research  Institute 
Norman,  Oklahoma 

Attn:   Prof.  C.  L.  Farrar,  Chairman 
Electrical  Engineering 

Polytechnic  Institute  of  Broojclyn 

Microwave  Research  Institute 

S5  Johnson  Street 

Brooklyn,  New  York 

Attn:  Dr.  Arthur  A.  Oliner 

Polytechnic  Institute  of  Brooklyn 
Microwave  Research  Institute 
55  Johnson  Street 
Brooklyn,  New  York 
Attn:  Mr.  A,  E.  Laemmel 

Syracuse  University  Research  Institute 
Collendale  Campus 
Syracuse  10,  New  York 
Attn:  Dr.  C.  S.  Grove,  Jr. 

Director  of  Engineering  Research 

The  University  of  Texas 
Elec.  Engineering  Research  Laboratory 
P.  0.  Box  8026,  University  Station 
Austin  12,  Texas 
Attn:  Mr.  John  R.  Gerhardt 
Assistant  Director 

The  University  of  Texas 

Defense  Research  Laboratory 

Austin,  Texas 

Attn:  Claude  W.  Horton,  Physics  Library 

University  of  Toronto 
Department  of  Electrical  Engineering 
Toronto,  Canada  i 

Attn:  Prof.  G.  Sinclair 


Lowell  Technclogieal  Institute 
Research  Foundation 
P.  0.  Box  709,  Lowell,  Mass. 
Attn:  Dr.  Charles  R.  Kingins 

University  of  Washington 

Department  of  Electrical  Engineering 

Seattle  5,  Washington 

Attn:  G.  Held,  Associate  Professor 

Stanford  University 
Stanford,  California 
Attn:  Dr.  Chodorow 

Microwave  Laboratory 

Physical  Science  Laboratory 

New  Mexico  College  of  Agriculture 

and  Mechanic  Arts 

State  College,  New  Mexico 

Attn:  Mr.  H.  W.  Haas 

Brown  University 
Department  of  Electrical  Engineering 
Providence,  Rhode  Island 
Attn:  Dr.  C.  M.  Angulo 

Case  Institute  of  Technology 

Cleveland,  Ohio 

Attn:  Prof.  3.  Saeley 

Columbia  University 

Department  of  Electrical  Engineering 

Momingsido  Heights 

New  York,  N.  Y. 

Attn:  Dr.  Schlesinger 

McGill  University 

Montreal,  Canada 

Attn:  Prof.  G.  A.  Woonton 

Director,  The  Eaton  Electronics 

Research  Lab. 

Purdue  University 

Department  of  Electrical  Engineering 

Lafayette,  Indiana 

Attn:  Dr.  Schulta 

The  Pennsylvania  State  University 
Department  of  Electrical  Engineering 
University  Park,  Pennsylvania 

University  of  Pennsvlvania 

Institute  of  Cooperative  Research 

3ljOO  Walnut  Street 

Philadelphia,  Pennsylvania 

Attn:  Dept.  of  Electrical  Engineering 

University  of  Tennessee 
Ferris  Hall 
W.  Cumberland  Avenue 
Knoxvllle  16,  Tennessee 

Dniversitv  of  Wisconsin 
Department  of  Electrical  Engineering 
Madison,  Wisconsin 
Attn:  Dr.  Scheibe 

University  of  Seattle 

Department  of  Electrical  Engineering 

Seattle,  Washington 

Attn:  Dr.  D.  K.  Reynolds 

Wayne  University 

Detroit,  Michigan 

Attn:  Prof.  A.  F.  Stevenson 

Electronics  Research  Laboratory 
Illinois  Institute  of  Technology 
3300  So.  Federal  Street 
Chicago  16,  Illinois 
Attn:  Dr.  Lester  C.  Peach 
Research  Engineer 

Advisory  Group  on  Electronic  Parts 

Room  103 

Moore  School  Building 

200  South  33rd  Street 

Philadelphia  h,    Pennsylvania 
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State  College,  Pennsylvania 

^iTNi  FYofessor  A.  H.  Waynick,  Director 
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25  Waverlv  Place 

New  York  3,  Mew  York 

ATTNt  Librarian  (3) 

Electronics  Division 
Rand  Corporation 
1700  Main  Street 
Santa  Honica,  California 
ATTN:  Dr.  Robert  Kalaba 

National  Bureau  Df  Standards 

Washington,  D.  C. 

ATTN:  Dr.  W.  K.   Saunders 

Applied  Mathematics  and  Statist  it-s  Lab. 

Stanford  University 

Stanford,  Qilifomla 

ATTN;  Dr.  Albert  H.  Bowker 

Departmer^t  of  Physics  and  Astronomy 
Michigan  State  College 
East  Lansing,  Michigan 
ATTN:  Dr.  A.  Leitnor 

Universit'-  of  Tennessee 
Knoxvllle,  Tennessee 
ATTN:  Dr.  Frel  A.  Fioken 

Lebanon  Valley  College 
Annvllle,  Pennsylvania 
ATTN:  Professor  B.H.  Blssinger 

General  Atonic 

P.  0.  Box  608 

San  Diego  12,  California 

Attn;  Dr.  Edward  Cerjuoy 

Department  of  Physics 
Ajnherst  College 
Amherst,  Mass. 
ATTN:  Dr.  Arnold  Arons 

California  Institute  of  Technology 
1201  E.  California  Street 
Pasadena,  California 
ATTN:  Dr.  A.  Erdelyi 

Mathematics  Department 

Stanford  University 
Stanford,  California 
ATTN:  Dr.  Harold  Levine 

University  of  Minnesota 

Minnpapolls  I'l,  Minnesota 

ATTN:  Professor  Paul  C.  Rosenbloom 

Department  of  Mathematics 

Stanford  University 

Stanford,  California 

ATTN;  Professor  Bernard  Epstein 

Applied  Physics  Laboratory 
The  JohrP Hopkins  University 
8621  Georgia  Avenue 
Silver  Spring,  Maryland 
ATTN:  Dr.  B.  S.  Gourary 


(2)Exchange  and  Gift  Division 
The  Library  of  Congress 
Washington  25,  D.  C. 

Electrical  Engineering  Department 
Massachusetts  Institute  of  Technology 
Cambridge  39,  Mass. 
ATTN:  Dr.  L.  J.  Chu 

Nuclear  Developnent  Associates,  Inc. 

5  New  Street 

White  Plains,  New  York 

ATTN;  Library 

California  Institute  of  Technology 

Electrical  Engineering 

Pasadena,  California 

ATTN:  Dr.  Zohrab  A.  Kaprlelian 


Dr.  Rodman  Doll 
311  W.  Cross  Street 
Ypsilanti,  Michigan 

California  Inst,  of  Technology 
Pasadena,  California 
ATTN:  Mr.  Calvin  Wilcox 

Mr.  Robert  Brockhurst 

Woods  Hole  Oceanographlc  Institute 

Woods  Hole,  Mass, 

National  Bureau  of  Standards 
Boulder,  Colorado 
ATTN:  Dr.  R.  Gallet 

Dr.  Solomon  L.  Schwebel 

3689  Louis  Road 

Palo  Alto,  California 


University  of  Minnesota 
The  University  of  Library 
Minneapolis  111,  Minnesota 
ATTN:  Exchange  Division 

Department  of  Mathematics 
University  of  California 
Berkeley,  California 
ATTN:  Professor  Bernard  Friedman 

Lincoln  Laboratory 

Massachusetts  Institute  of  Technology 

P.  0.  Box  73 

Lexington  73,  Massachusetts 

ATTN;  Dr.  Shou  Chin  Wang,  Room  C-351 

Melpar,  Inc., 

3000  Arlington  Boulevard 

Falls  Church,  Virginia 

ATTN:  Mr.  K.  S.  Kelleher,  Section  Head 

Hq.  Air  Force  Cambridge  Research  Center 

Laurence  G.  Hanscom  Field 

Bedford,  Mass. 

ATTN:  Mr.  Francis  J.  Zucker,  CRRD 

Hq.  Air  Force  Cambridge  Research  Center 

Laurence  G.  Hanscom  Field 

Bedford,  Mass. 

ATTN:  Dr.  Philip  Newman,  CRRK 

Mr.  N.  C.  Gerson 

Trapelo  Road 

South  Lincoln,  Mass. 

Dr.  Richard  B.  Barrar 
Systems  Development  Corp. 
2hOO  Colorado  Avenue 
Santa  Monica,  California 

Columbia  University  Hudson  Laboratories 
P.O.  Box  239 

m5  Palisade  Street,  Dobbs  Ferry,  N.  Y. 
ATTN:  Dr.  N.  W.  Johnson 

Institute  of  Fluid  Dynamics 
and  Applied  Mathematics 
University  of  Maryland 
College  Park,  Maryland 
ATTN:  Dr.  Elliott  Montroll 

Department  of  Electrical  Engineering 

Washington  University 

Saint  Louis  5,  Mo. 

ATTN:   Professor  J.  Van  Bladel 

Department  of  the  Navy 

Office  of  Naval  Re-search  Branch  Office 

1030  E.  Green  Street 

Pasadena  1,  California 

Brandeis  University 
Waltham,  Mass. 
ATTN:  Library 

General  Electric  Company 
Mictowave  Laboratory 
Electronics  Division 
Stanford  Industrial  Park 
Palo  Alto,  California 
ATTN:  Library 


Smyth  Research  Associates 
3555  Aero  Court 
San  Diego  3,  California 
ATTN:  Dr.  John  B.  Smyth 

Electrical  Engineering 
California  Institute  of  Technology 
Pasadena,  California 
KTT^:  Drileorges  G.  Weill 

Naval  Research  Laboratory 

Washington  25,  D.  C. 

ATTN;  Henry  J.  Passerlni,  Code  5278A 

Dr.  George  Kear 
5  Culver  Court 
Orlnda,  California 

Brooklyn  Polytechnic 

85  Livingston  Street 

Brooklyn,  New  York 

ATTN:  Dr.  Nathan  Marcuvltz 

Department  of  Electrical  Engineering 
Brooklyn  Polytechnic 
85  Livingston  Street 
Brooklyn,  New  York 
ATTN:  Dr.  Jerry  Shmoys 

Department  of  Mathematics 
University  of  New  Mexico 
Albuquerque,  New  Mexico 
ATTN:  Dr.  I.  Kolodner 

Mathematics  Department 
Polytechnic  Institute  of  Brookljm 
Johnson  and  Jay  Street 
Brooklyn,  New  Vork 
ATTN:  Dr.  Harry  Hochstadt 

Ballistics  Research  Laboratory 
Aberdeen  Proving  Grounds 
Aberdeen,  Maryland 
ATTN:  Dr.  Pullen  Keats 

Dr.  Lester  Kraus 
b935  Whitehaven  Way 
San  Diego,  California 

University  of  Minnesota 
Institute  of  Technology 
Minneapolis,  Minnesota 
Attn:  Dean  Athelston  Spilhaus 

Ohio  State  University 
Columbus,  Ohio 
Attn:  Prof.  C.  T.  Tai 
Department  of  Electrical  Eng. 

Naval  Research  Laboratories 

Washington  25,  D.  C. 

Attn:  W,  S.  Ament,  Code  5271 

Naval  Research  Laboratory 
Washington  25.  D.  C. 
Attn:  Dr.  Leslie  G.  McCracken,  Jr. 
Code  3933A 

Office  of  Naval  Research 
Department  of  the  Navy 
Attn:  Geophysics  Branch,  Code  UI6 
Washington  25,  D.  C. 

Office  of  Chief  Signal  Officer 
Signal  Plans  and  Operations  Division 
Attn:  SIGOL-2.  Room  20 
Com.  Liaison  Br.,  Radio  Prop.  Sect. 
Tho  Pentagon,  Washington  25,  D.  C. 

Defence  Research  Member 
Canadian  Joint  Staff 
2001  Connecticut  Street 
Washington,  D.  C. 

Central  Radio  Prop.  Lab, 
National  Bureau  of  Standards 
Attn:  Technical  Reports  Library 
Boulder,  Colorado 

U.  S.  Weather  Bureau 
U.  3.  Department  of  Commerce 
Washington  25,  D.  C. 
Attn:  Dr.  Harry  Wexler 
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Federal  Communications  Commission 

Washin-ton  25,    D,   C. 

Attnt  Mrs.  Barbara  C.  Grimes,  Librarian 

Upper  Atmosphere  lesearch  Section 
Central  Radio  Propagation  Laboratory 
National  Bureau  of  Standards 
Boulder,  Colorado 

Argonne  N'atlonal  Laboratory 

P.fl.  Box  299 

Lemont,  Illinois 

Attn:  Dr.  Hoylande  D.  Young 

Bell  Telephone  Labs. 

Murray  Hill,  New  Jersey 

Attn:  Dr.  3.  0.  Rice,  3B  -  203 

Carnegie  Institute  of  Washington 
Dept.  of  Terrestrial  Magnetism 
S2iil  Broad  Branch  Road,  N.  W. 
Washington  15,  D.  C. 
Attn:  Library 

Georgia  Tech  Research  Institute 
225  N.  Avenue,  N.  W. 
Attn:  Dr.  James  E.  Boyd 
Atlanta,  Georgia 

University  of  Maryland 
College  Park,  Maryland 
Attn:  Dr.  A.  Weinstein 
Institute  of  Fluid  Dynamics 

Massachusetts  Institute  of  Technology 

Lincoln  Laboratory 

P.  0.  Box  73 

Lexington  73,  Massachusetts 

Attn:   Prof.  Radford,  Division  3  Head 

Willow  Run  Research  Center 
Pniversitv  of  Michigan 
Willow  Run  Airport 
Tpsllantl,  Michigan 
Attn:  Dr.  C.  L.  Dolph 

School  of  Engineering 
New  York  University 
University  Heights 
New  Tork,  New  Tork 

Shell  Fellowship  Committee  of  the 
Shell  Companies  Foundation,  Inc. 
50  West  50th  Street 
New  York  20,  H.  Y. 
Attn:  Mr.  J.  R.  Janssan 

Esso  Research  and  Engineering  Co, 

P.  0.  Box  51 

Linden,    New  Jersey 

Attn:     Mr.   C.   L.   Brown,    Manager 

Union  Carbide  and  Carbon  Corp. 
30  E.  !j2nd  Street 
New  York  17,    New  York 
Attn:     Mr.   L.   E.   Erlandson 

Convalr 

San  Diego  12,  California 

Attn:  Mr.  Marvin  Stem 

Bell  Telephone  Labs.,  Inc. 
1(63  West  Street 
New  York  13,  N.  Y. 
Attn:  Dr.  Mervin  J.  Kelly 

Engineering  Library 
University  of  California 
Ii05  Hllgard  Avenue 
Los  Angeles  2U,  California 

Convair,  A  Division  of  General  Dynamics  Corp. 

Daingerfield,  Texas 

Attn:  J.  E.  Arnold,  Division  Manager 

Convalr,  A  Division  of  General  Dynamics  Corp. 

San  Diego  12,  California 

Attn:  R.  L.  Bayless,  Chief  Engineer 

Convair,  a  Division  of  General  Dynamics  Corp. 

San  Diego  12,  California 

Attn:  K.  J.  Bossart,  Chief  Engineer-WS107A 


Convalr,  A  Dlv.  of  General  Dynamics 

Corp. 
Fort  Worth  1,  Texas 
Attn:  F.  W.  Davis,  Chief  Engineer 

Convalr,  A  Dlv.  of  General  Dynamics 

Corp. 
Pomona,  California 
Attn:  C.  D.  Perrlne 

Ass 't  Dlv.  Manager,  Engln. 

Shell  Development  Company 

Exploration  and  Production  Res.  Dlv. 

3737  Bellalre  Boulevard 

Houston  25,  Texas 

Attn:     Hiss  Aphrodite  Mamculldes 

RCA  Laboratories 
Princeton,    New  Jersey 
Attn;      Dr.   Charles   Polk 

Stanford  Research   Institute 
S.   Pasadena,   California 
Attn:     Dr.   J.   Brandstatten 

Wa^me  State  University 
Kresge-Hooker  Science  Library 
5250  Second  Boulevard 
Detroit   2,    Michigan 

ARRA 

1  Bond  Street 

Westbury,  L.  I.,  New  York 

Attn:  Dr.  Norman  Specter 

Varlan  Associates 

611  Hansen  Way 

Palo  Alto,  California 

Attn:  Mrs.  Perry  Conway 

Technical  Librarian 

Case  Institute  of  Technology 

Department  of  Electrical  Engin. 

University  Circle 

Cleveland'  6,  Ohio 

Attn:   Prof.  Robert  Plonsey 

Dr.  Ming  S.  Wong,  CRRKP 
Air  Force  Cambridge  Research  Center 
Laurence  G.  Hanscom  Fisld 
Bedford,  Massachusetts 

Physics  Section 

AVCO-RAD  Division 

20  South  Union  Street 

Lawrence,  Mass. 

Attn:  Dp.  Ernest  Bauer 

Advanced  Development  Section 

Western  Development  Labs. 

Philco  Corp. 

387?  Fabian  Way 

Palo  Alto,  California 

Attn;  Dr.  Albert  R.  Oiddis 

Department  of  Aeronautical  Engineering 

University  of  Michigan 

Ann  Arbor,  Michigan 

Attn:   Prof.  Mahinder  Uberoi 

Gordon  McKay  Laboratory 
Harvard  University 
Cambridge  39,  Mass. 
Attn:  Dr.  S.  R.  Seshadri 

Commander 

Air  Research  and  Development  Command 

Attn:  RDTR 

Andrews  Air  Force  Base 

Washington  25,  D.  C. 

College  of  Engineering 

Dept.  of  Electrical  Engineering 

University  of  Florida 

Gainesville,  Florida 

Attn:  Dr.  Sullivan 

Dr.  V.  M.  Papadopoulos 
Dept.  of  Engineering 
Brown  University 
Providence.  R.  I. 


Major  Vernon  Lee  Dawson 
RSDD-OMLCMO) 
Redstone  Arsenal 
Huntsvllle,  Alabama 

Grumman  Aircarft  Engineering  Corp. 
South  Oyster  Bay  Road 
Bethpage,  Long  Island,  N.  Y. 
Attn:  Dr.  Charles  Mack 

AF  Office  of  Scientific  Research 
Washington  25,  D.  C. 
Attn:  Dr.  Karl  Kaplan 

University  of  California 

Radiation  Laboratory 

P.  0.  Box  fi08 

Livermore,  California 

Attn;  Dr.  Bernard  A.  Lippmann 

Department  of  Electrical  Engineering 

Case  Institute  of  Technology 

University  Circle 

Cleveland  6,  Ohio 

Attn:  Professor  Albert  E.  Collin 

Antenna  Laboratory 

Air  Force  Cambridge  Research  Center 

Laurence  G.  Hanscom  Field 

Bedford,  Massachusetts 

Attn:  Mr.  Philip  Blackstone 

Lt.  Mark  J.  Reran,  CRRD 
Air  Force  Cambridge  Research  Center 
Laurence  G.  Hanscom  Field 
Bedford,  Massachusetts 

Mr.  Richard  Mack,  CRRD 
Air  Force  Cambridge  Research  Center 
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